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Abstract; The mechanisms of ferrous ion cycling and its performance in promoting the oxidative
degradation of aniline by sodium persulfate (PS) in the presence of UV irradiation and ferric oxalate
(Fe(C,0,)7) were studied. The effects of initial Fe (C,0,)3 concentration and pH on PS
activation and degradation of aniline were also investigated. It was indicated that the conversion

efficiency of Fe® was as high as 96% in the solution with initial pH of 3 and Fe (C,0,)3
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concentration of 0.75 mmol + L' under UV irradiation, which was much higher than those of
ammonium ferric citrate and ferric chloride solution under identical conditions. However, the
decomposition of oxalate ion and the induced pH increase led to the sharp decrease of Fe**
conversion efficiency. The process of Fe® conversion played a much more significant role on
promoting the PS activation than direct activation process via UV irradiation in UV/Fe (C,0,);
systems, contributing up to 79% of the PS activation. The initial Fe ( C, O,)3 concentration
determined the maximum concentrations of generated Fe® and affected the PS activation
significantly. When the concentration increased from 0.25 mmol « L™ to 0. 50, 0.75 and
1.00 mmol-L™", the efficiency of PS activation increased accordingly. But when the ferric oxalate
concentration was higher than 0.75 mmol-L™", the enhanced competition of C,0 for sulfate radicals
led to a lower oxidation efficiency of aniline. Neutral and alkaline environments were not conducive to
the Fe®* generation via photochemical reaction in the UV/Fe (C,0,)3 systems. However, PS
activation efficiency could reach as high as 86% and 68% at pH 7 and pH 9, respectively, which
was due to the induced pH decline along with the PS decomposition.

Keywords: UV irradiation, ferric oxalate, ferrous ions cycling, persulfate, oxidation.
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PS R R R, HLAE RN R DR AR T AR Fe™ A B PS IR AL R R SRR B 22 B RS
L3RRV, [ AN E SR T AR RN Fe® 1 SR ARG 2 Fe™ A 05 5, B TR B AL SRR Ak
Pt FAN R (Fe) MY AT HLAE B A R MOFs) 1 85 S AR S A AL A RL AT RO R T Fe® 1 I
A BT PS FREEIRALRCR , SR L3720 AR IR A T Fe™ AR IKT RS EL PS T AL BCRE keI
FR TR AT [ P =1 RS R A s 7o R o S L 0B % T 8 A o A58 3 45 D T 5 183 A B I AR AT A A —
FEBEL R A B SR AR R A ) A5 I S W AR S e B R A Y Fe R I
BN Fe® T FE i Fe™ {4k PS BUFFEACR (R IR 1070 1 B X 48040 700 B S8 AR I P A B AT i
FUTESAE , RO AL KM i BB FE 520 75 e P 9 R RCR sk A s R
HEUA B 1) 5 AR B I PR PR AR I R, R R T Fe® YA AL PS AORSCR, R TR ) S A
KRBT 2 R ER Y EEE TR I A PS BN R vp TR AP S B Fe Sz IO 3 3 Y 9 42 il fie i
Fe™ [6] Fe* [ (it 2 fdim PS FF20% (L RE 1 (Y B

AT R, Fe TRIRES A W) HA B A AL 16 1V, T BB, W 2% 5 IR 1) e
(T HeRS I R TS 1S Fe™ BIR L e, ARBIFSE 22 10R T UV G BRET RERRZS 5 ks 7ok s AL PS 3%
P B, WF5E T B8 T IR IR AL B B XS PS Yl A AR i S AR 0 52 ).

1 #BF1 77 ( Materials and methods)

1.1 EZEH

TR ((NH,) 5[ Fe(C,0,),]3H,0) . =@ bk (FeCly 6H,0) FrigfR ke ((NH, ), FeC,H,,0,,) |
M (C,HNH,) \5,5- I - 1-mE g bk 20 8 Ak 9 ( C H,,NO , DMPO ,97% ) #4111 [ Bl 37 Tk 2500 A R
A, A BRIREM (Na,S, 0,) W A KB KAk 50 A PR R, 1, 10-483E5 Mk (C, HgN,» H, 0) i fb 4
(KD) W [ KA R AR50, A il 32 2 A 4t
1.2 SR

L AR 1 A (EMX -8/2.7C, 7% BRUKER) | & 0B AH I 354X (LC-20A , H 7K Shimadzu ) |
AN WA (UV-2310 T, B RERHEABRA R ALERLT (15 W,44 wW-cm™, Philips) \pH
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X (pH510, 35 [ Eutech).
1.3 SEET vk
1.3.1 BB s

14 100 mlL JIr 75 v B 19 18 e ik Al | SR BRI WA B 3 4~ 150 mL A7 BEBepi o
WA BB TR R T 07, bl 506 IRE R 5 om, TR AT R FF 4R T, 78 Fitis st
(i) JBORE I 7 BIVI 2 VA  A) e ™ Vi B8 0 AN () R o A i v 3 8 pHL 2% T 1Y) Fe™ AL SE 0 P2 5 1R
7L, HFSE M NaOH (0.1 mol-L™") 1 H,80,(0.1 mol-L™") ¥ s pH {H.
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Fig.1 Illustration of photochemical reaction device

1.3.2 %k PS E LIRS0
HF 50 mL JIr it o B 1Y) R v Bk e (FTAER B sl GRALK ) VWL 5 25wl JT s Wk B8 1 2R G VA BT &
JIIAZE] 150 mL ASEheptr  BibiR &35, B S mh nA 25 mL Jr a5 W BE B PS i 75 W 118 H
NaOH (0.1 mol-L™") 1 H,S0,(0.1 mol-L™") & TR G W 2 s pH B4 A Sbebt B TARHOR T
7 R 5 VR ELE B Sem. TR SR AT, R 1) A0 RN ST R BR HEAT , AE TR B (R ERURE I
HEAT PS FIPR R B R A8 0B 1R v e 1) SIET: v (o FH AR B AR R R 28 08 K AR, T8 UV S IR R AR ¢
A1 HMT.
1.4 KTk
PR Liang 251748 H G KT @K I AE PS MR EE ;SR AIARAE MMk & a3k 22 Fe™ MOV ; SR
BORFR (L3 1 (LC<20A B HPLC, H A [ At ) o i) 7 il A 8 ik 3 N R el ) G v e AR 8 1R
Zhou Z5H H RN Ik T SR RE S h A C—18 A (5 mmx250 mmx4.6 mm) , WS A 25/
JK(V/V)=55/45 [FE¥E.} 40 °C , Jii# 4 0.50 mL-min™", 24N KO8 231 nm, 28 i 4 H W F ] 78
7.7 minff} 3 AR E ORI A5 A 2R e vk FE B AT 5 R e vk B2 1 LB, T3 ik ana (1) , =X
W e[ AR ] FI e[ ZRME ], 43 i 38R AR ) vk B RN SO ¢ Bsf T Ji PR v
e 1o el HME ] e[ KR,
AN AR (%) = ], (1)
{5/ DMPO 18 H 1 ZERHE R, R H B B e 2 PR I 357 (electron spin resonance , ESR) £
L0 RGN A& 1.

#& 1 ESR K&t

Table 1 ESR determination conditions

HL 3 ( Center field) 3520 G I 25 (Receiver gain) 7.96x10*
FAHH i (Sweep width) 100 G A5 ] ( Conversion time) 40.96 ms
TR ( Microwave frequency) 9.866 GHz A il 15 B ( Modulation amplitude) 1.00 G

T P12 ( Microwave power) 6.379 mW At 1] % % ( Time constant ) 16.84 ms
&I 45 % ( Modulation frequency) 100 kHz I 18] ( Sweep time) 41.943 s
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2 5 59718 (Results and discussion)
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Fig.2 Variation of Fe®* concéntrations in different reaction systems
(Reaction condition:pH=3,[ Fe(C,0,)3-],=0.75.mmol-L™" [ Ferric citrate],=0.75 mmol-L",

[ Ferric chloride] , =0.75 mmol -L™")

AR S5 R BR Fe(C,0,) 5 VIR Fe™ WL DT T Pl in 22 12 AR AL AP BRI 1Y 3 ASB B, &
W R B Fe™ AR B AR FINHARE R N W7 & A= A8 Ak S B B v Fe (C,0,) 3 WY pH AN 25 51
B, HF C,07 AW THFERR T Y 0, S 80A W pH SRR LTS, B pH &4 01 B Ak st
[P35 5 Fe Wk B & A= d 25 28 A0 B 1] 49 050 A7 76 b 2 0 A OGPk Ui €, 05 20 i & pH Tt 1= X
Fe(C,0,) 3 YeAb2p i Wik i Fe™ i FE 72 A8 7 8 5 B0, 53 b A WF5E 2 48 1 Fe(C,0,) Y 7EGAL2E
N AR, CL05 GENEIE Bk XS N AL C,0; Al CO; L, IFRET S O, A h H,0,. Bl THefb
N AR R A T Fe® R 42 % 4 Fenton [N A, AHF9E R ESR BRI B W4T 7 A
FERE PRSI, - ESR RS (Al 3) BDRE Al 43 R H Er B, ARELE] - OHY DMPO fin& #1155 ( DMPO-
OH:AN=14.96, AH = 14.78) , NI [ 2 35 iF T A BF 58 b & £ T 1R Fenton . £5 L BT iR, #fE U
Fe(C,0,) 3 R Fe* 2Lt B . ZEWI 4R 10 min W T Fe (C,0,) 3 WEEECR, ol 2 SO Az i
Fe (R R4, Hit KT Fe BTHABH R, NI Fe* L 2 HEEE C,07 KL, Fe™ M5 ALk
RIGWREAL, H pH [F AT W REAR TORAL AN A i Fe™ BERIHAEUE Fe™* 5 OH™ 25 A ik ] Fe'™* %
1k, FEE Fe* IARKI S5 Fenton O 7= THAE , e 2 T8 Fe™* MR AR (L R A Z% B C,07 AWk
A=A pH HE— 2T, Fe™ M AEIT FR BT 5 4 £ 5, T2 Fe™ VR B 2R T 1%
2.2 ARIRBARZR T PS G A LA R

IR AR 22 PS AL AR B AR R AN 4 BT/ AE AR SR UV SR S AR & | PS 364k
JEARIE (BFESIA UV RS, T UV BTG Fe™ FREL g BR b Xt PS 15 1k i 72 1) B[R] 5 AL AR
FH,PS ZEJ W 180 min J& AT 8% 58 2 TH A6 /0. i AEAUA UV SERER X REAA ZR ) )0 180 min B PS i fk
IHRRAUN 21%. R, AT RIA M FE UV/Fe(C,0,) Y REZ T H T Fe(C,0,)3 25511 PS k4t
HHIKF] 79% i T UV OLIR E BEALE RIS RS0 PS 1AL it i e HEWT | 25 55 T O TR BRI AL P
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UV/Fe(C,0,)Y IRZR5m1k PS i L i fix -5 5N AT Wi IR S Al AL R 2 vp PS AL Ml s 1 5
UV/PS KR W, LK T UV/Fe(C,0,) T /PSR R 454 Fe Ak 52645 S ml LG B, ik A~
R PS TEAL FE SR UV 6 IR B s AL VEH.

Intensity

1 1 1 1 1 1 1 1 |
3480 3500 3520 3540 3560
Magnetic field/G

B3 UV-Fe(C,0,)5 W+ H LM ESR Bli%
(@ DMPO-OH Jin&4, A DMPO H1H42f5)
Fig.3 ESR spectrum of DMPO-OH spin adducts in the UV-ferric oxalate reaction system
( ® DMPO-OH adduct, A impurity in DMPO)

—=— R 5 £k #% (Ferric oxalate)/PS —m— R 4k 8% (Ferric oxalate)/PS
—o—UV/PS —e—UV/PS
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B4 AFNAZ T PS S (a) FIOEREE A (b) B H
(P& AF . pH=3,[PS] ;=5 mmol-L™" [ #f% ], =0.75 mmol- L', [ Fe(C,0,)3 ],=0.75 mmol-L",
[ WP Rk # ], =0.75 mmol- L™ | [ 44k%%k],=0.75 mmol-L™")
Fig.4 _('a) PS decomposition (b) aniline oxidation efficiency in various reaction systems
(Reaction condition: pH=3,[ PS]y=5 mmol-L"", [ aniline ], =0.75 mmol-L™",[ Fe(C,0,)% ],=0.75 mmol-L"",

[ Ferric citrate ] ;=0.75 mmol-L™" [ Ferric chloride],=0.75 mmol-L™")

FI AR EE T R | )Y 180 min B, Hi T PS {4k /0 i R AR, UV/PS 745 R ik % Al R AL ik 25
R R E AR R 62% . 42% F1 66% , ¥IK T UV/Fe (C,0,)5 /PS KR (100%) , H)E 5
PS i FATAE B 22 MR [R), AR A 38 1) 22 B B B 46 /N Rl AP R PR ks IR = b PS Z it R R 5
T UV/PS KRR HJR R M AL R A AR, bk 85 52 U AR A HUR PR 4 G 2k B T 1% 4k PS iR & i,
A HLES ARG R Z [ AFAERT SO, RISE4 (An=R(2)) P BEAR T SO, FI T UL A i &0%. [n) B 7E
Fe(C,0,) 5y RN, AR Fe® MR &, BARIG ML PS P2 219 S0, 10 S0, H &L Fe* X}
SO~ MYVEIAE FIt 4 B sk (=X (3) L (4)) % INTATSE IR 1 24 i ) SR AL 2 A i 9 R B AE
BRI N AR R 2R AR = T UV/PS R R HLE 2R A A R 1 22 BE A EL PS 43 56 1) 22 BE 5 i B
3K AT BESE RN IR 2R B R Y €15 SO, R AR IR AR B T s AR PERY - CL AT - €L, bR
SRAL T AR A AL A
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C,0% + SO,” — products (2)

SO, + S0, — S,0; 4.4+0.4%x10° L-mol s~ (3)

Fe*+ SO, —— Fe’ + SO 4.6x10° L-mol s~ (4)

AN R FRRRAE UV JEIREE T 0T U A0 ARS8 S50 25 5 i 7R ,0.75 mmol - L' (1Y

HRPEAE RN 180 min J& FERERAUA 7% , B LHEMIFE UV/Fe(C,0,)5 /PS RN R Z o, e /R X2
e B i SR IN. [RIE  BRFANTRA R PS T Ak o3 5 28 e 2 BRASCR 2 [RIAEAE 8 35 AR DG 1, Rk 5
SN I R T BEAEAE () Fenton AL AR FMLTIAR EL , PS 36 fk S AL X 28 iz 2 B & # T SE ROTEH
BAERE R e IEINFEALME R HL UV B HEGTE (AR FHRE S A S0t = PS TE AL AR,
2.3 Fe(C,0,)% WeFEXF PS JiE4b AL ML AU RE R

WEFE T E 435124 0.25.0.50.,0.75 ,1.00 mmol - L™' [ Fe(C,0,) 5 W H Fe™ Fifbad fE , 45 R A 5
Fin BEERIG Fe(C,0,) 5 HEBERYIEIN 544028 IR Fe® e vk BE A Wi 1 i, EL7E R[] 400 4y Wk B8 1) e
RIVKZ T Fe? fl B i AL 22 /N B AT 3K 5] 90% L) L SR TIAE Fe(C,0,) T WA 0.25 mmol - L™ )
TRZ T Fe Wk B K A3 T R 1R B AR AR R | F B AE RN HE4T 150 min J7, Fe™ MR K Ak,
FHE T HAD VAR R B 5(c) R pH Z8fL i B R, Fe (C,0,) 3 W EE A 0.25 mmol - L™ % 5 7 &
W pH R BN H 25, I ARG A S 0 (R R —FR kel BT, AR AT B TR R A i 3. X 02 i T 0
IR Fe(C,0,) 5 WREERUIK, C,05 ULAF SR PR 43 , pH 38 I i 55/ N T4 e TR B8 1) SO AR % | T [ sf
VAW R T AN R AR KR SO (AR (5) —(7) ) 77 AR B AT 2 pH B R [ il T pH 46240 T
FRYEFRES  Fe®* [N pH 4555 KA 1) Fe™ B AL B s Rl T HAb A .

3
Fe**+ H,0 —— Fe( OH)* + H (5)
2+ + +
Fe(OH) +H204>FB(OH)2+H (6)
+ +
Fe(OH)®+ H,0 — Fe(OH),+ H (7)
10 a 100
2 08} < s
° 2
g .2
g 2
< 06 &= L
E 2 %0
g g
g o4l g
% % 40 -
151 © L
3 &
b 021 2 200
0 L L 1 1 1 1 1 1 1 1 1 1 1 1 0 n l PUR U AU IS N S U ST ST ST SR R '
0 15 30 45 60 75 90 105120135 150 165 180 0 15 30 45 60 75 90 105120135 150 165 180
t/min t/min
8r ¢
7k
6k —=— (.25 mmol-L!
- —e— 0.50 mmol-L™!
= —A— (.75 mmol-L!
st —v— 1.00 mmol-L!
s
3t
PR U I WU I NI R ST ST ST S I R

0 15 30 45 60 75 90 105 120135 150 165 180
t/min

B 5 AREPEEE Fe(C,0,)) RMKZR T (a) Fe™ HEE (b) Fe™ /L3 (c) pH HIZE1L
(B4 9k pH=3)
Fig.5 Variation of (a) Fe®" concentration (b) Fe® conversion efficiency (¢) pH in reaction systems
with different initial concentrations of ferric oxalate
(Reaction condition:pH=3)
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WA C,05 MBS AT M AW, [[IAF,S0,~ A S LK Fe* X SO, BB KA/E - &k C,05 W
JE B PS I AR A = i b 9 TV AR R S 80T SR Fe(C,0,) 5 R R ORI AL BCR AT
S R FEA LS G T4 BB 16 AL PS IOVAR R NEZRA PS 1 1k S R B S AL SR ff o 455 71
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Fig.6 (a) PS decomposition (b) aniline oxidation efficienty in|reaction systems with different Fe( C,0,)3" concentrations

B 6 RIF Fe(C,0,)% W RN Z HPS 4 ik ZERN A e A AL 2848 bt 3
(RRL2&AF . pH=3,[PS]y=5 mmol - 1!, [ %], =0.75 mmol-L.7")

(Reaction condition;pH=3,[PS],=5 mmol-1.", [ aniline],=0.75 mmol -L™")

2.4 itk pH X PS TG A0 AL R 1 5 )
HIBRAFFE & B Fe(C,0,

Fe?* conversion efficiency/%

T Ot RO R 2 S B pH ThE JF R RO RO AR IR Fe™ i A
P, 8 T OFFERI iR pH X UV/Re(G,0,) 3 TRFRIEL PS SAALAM RN, B Je XS pH {E2M5 0 3.5.7.9
FAFT B Fe® HALIE BEHEATRIR Y. 45 2R s (AN 7).

—a— pH=3 —e— pH=5 —A— pH=7 —v— pH=9
100 |- 10 b
9r V\V‘—T\v\v‘v\v\'
80 - i
T //4.,_‘
60 7+ A A 3%
as) L
a
6 —~
40 - F
5 -
20 - 4
3
(O il 1 1 1 1 1 1 | L 1 s ! s Il L 1 L 1 " Il
0 30 60 90 120 150 180 0 30 60 90 120 150 180

t/min

t/min

7 AW pH Z4F T Fe(C,0,)3 KFE M (a) Fe #4L4 (b) pH 1972E 1L

(B2 [ Fe(Cp04) :g_] 0=0.75 mmol-L~1)

Fig.7 Variation of (a) Fe®" conversion efficiency (b) pH in reaction systems with different initial pH values

(Reaction condition ;[ Fe(C,0,)3 ],=0.75 mmol-L™")
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R 25 T ARk B 1008 R Ak A RS, M0 R pH (B R 3 15 B, Fe™ 135 i 7 Ak 22 43 31l %)
95% Fil 82% , 11 4014 pH {E>4 7 F1 9 B, Fe™ 1 fi = e AL AR AR, H S %46 pH (B R 9 B, SO ik & L
ST Fe il X S R TEAR AW 3G pH 448, C,0% 5 Fe* £:L) Fe(C,0,) " .Fe(C,0,); Fe(C,0,)7 .
Fe(OH)* Fe(OH); Fe( OH) SRR AEAE > | i m fvith pH S0 R, 28 1 5 i 10 T8 A%
Fe(OH)* Fe(OH); Fe (OH), %, AN F| FIE il H A Btk 2=2 3G P Fe (C,0,) " Fe (C,0,);.
Fe(C,0,)5 , NIRRT SO WAR ROG Ak R BTG B Fe® Az L .

FEUCEER b % UG T 0046 pH (E 5300 3.5.7.9 41T, UV/Fe(C,0,)3 Tk PS AL AR RE Y
AR 8 PR TERRPE SR PS I AR I BOR T i, SN 180 min B, PS FIZR e 1 AT 9 58 42 43+
X EZHHNFRIESZMTEA T Fe(C,0,)5 WRKAICAE N A B Fe™ SR, 014G pH {HR 7 1
9 I}, U ARWFSE WA LI Fe™ FEALRMAR , (H LI PS A5 AT WA 505 1k, H. 20 BI7E W 30 min 1 60 min
J&i , PS BT Fh 6 H B T
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B 8 AFHILG pH Z&1F T PS J3fifp e TR ALA I pH 2 fLaH
(R A [ PS]y=5 mmol- L™ [ Fe(C,0,)3 ]1,=0.75 mmol-L™",
[ %W ] =0.75 mmol- L")
Fig.8 (a) PS decomposition (b) aniline oxidation efficiency (¢) pH variation in reaction systems
with different initial pH values

(Reaction condition: [ PS]y=5 mmol-L™",[Fe(C,0,)3 ],=0.75 mmol- L', [ aniline ], =0.75 mmol-1."")

X SN ZR G pH BT IR RN (40P 8 (¢) ) BB,  FAWF S R AT pH 284728 sl , B v i
RS pH BT N R, 2S00 pH (E5 514 3.5.7.9 B, )W 60 min Al 180 min B, pH {8 535 T % 5]
1.93.2.55.4.37.5.47 1 1.81,2.02.2.38 3. 16.3X J&: (K 4 PS & {2 i & — 4~ HE Bl A (=l (8) |
(9)), HiZid #x} pH BEARMVE FHIZ KT C,07 /il Bext pH Th & i 4E .t st HE Wi e vh ik 45144 F
ST 60 min FEEE T UV SEIE BG4 PS, I S EURNIA R pH AL, M2 T Fe(C,0,)5,
Fe(C,0,)% MIEMAN Fe™ FEAL , B Z0RAL T PS AOTE IR o BLAb , BRARA ST 0 pH=3 L pH=5 B H
FITF Fe™ Az il , B B A 0% AL A0 PS8 24 W 54T 60 min J& , ¥14R pH=5 BB R b PS 3G 1L 43



10 1 BRI 45 2RSSR AR TR ER TG AL PS EALZE Y 2255

BRI 5 T pH=3 MYRNAR R, OZ A PIIG pH =3 R RFE i FE v pH i — 20 %
TRESRERTEIR BT, R REASF T A B Ak 2A 6 PE R Fe(C,0,); Ml Fe(C,0,) 5 .

SO, + H,0 — HSO;+ -OH (8)

HSO;——S0> + H (9)

3 %51 ( Conclusion)

(1)UV JEIE Fe(C,0,) Y WA AL Fe™ A A B, HASCR T B T8 R 4k 5 A G AL kv i, 2.
O3 M4 A pH 1= 23 3 Fe™ FALBUR T FE.

(2)UV/ Fe(C,0,) 5 ARTTLA RGPS EALRRE , H N R rp s T G A 5 A i e A ik
PS WEALA B EAERALE], I & T UV B PEA.

(3)WlR Fe(C,0,) 5 WRIEHE THALAE R Fe (W BV I, BE W1 AR Fe (C,0,)5 WRIESE I, 54 1k
A Fe® SRR R, TR U HE PS WE Ak  AEIT R Fe(C,0,) 3 WRBE SRR I AL R,

(4)UV/ Fe(C,0,)7 Witk PSRZR XS pH HA HAT 038 N RE A7, BRI 7ER I 45 1, SR v] A 50T
b PS AL R,
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